Introduction {#sec1-1}
============

Spinal cord injuries (SCIs) are increasingly common in emergency medicine. SCI patients often suffer from limb disorders and life-long paralysis (Ahuja et al., 2017; Kornhaber et al., 2017). At present, the major clinical strategy is to reduce secondary injury; however, it has little impact on functional recovery. Therefore, there is an urgent need for new effective treatment methods, in which tissue engineering probably has the greatest potential (Kim and Lee, 2014; Agbay et al., 2016; Muheremu et al., 2016; Wang, 2018).

Design and production of the scaffold is the first major task of tissue engineering. In previous studies on defect-type SCI repair, many configurations of bridging scaffolds were used, such as single tubes, multiple channels, numerous microchannels, and porous cylinders (Bellamkonda, 2006; Bryant et al., 2007; Madigan et al., 2009). These designs were mainly for repairing peripheral nerve defects. Because the peripheral nerve is a cable-type structure, these configurations can meet the requirements of peripheral nerve repair. However, in contrast, the spinal cord contains both gray matter and white matter. The gray matter is where neuronal cell bodies concentrate, while the white matter contains multiple ascending and descending fiber bundles.

Because of the complex structure of the spinal cord, the effectiveness of repair is greatly impacted by the scaffold design. Therefore, we designed a partition-type tubular scaffold that can partition the gray matter from the white matter according to the histological structure of the spinal cord. A chitosan scaffold matching the white matter corticospinal and rubrospinal tracts has been shown to satisfactorily repair the injured rat spinal cord (Wang et al., 2013).

Another key element of tissue-engineered scaffolds is seed cells. Currently, widely used seed cells for neuronal repair include neural stem and progenitor cells (NSCs or NPCs), oligodendrocyte precursor cells, olfactory ensheathing cells, mesenchymal stem cells (MSCs) and Schwann cells. Bone marrow is the original source of MSCs. Bone marrow stromal cells (BMSCs) have become a hot topic of research because of their convenient harvesting and strong differentiation potential (Jia et al., 2012; Zhang et al., 2016). However, the composition of BMSCs is complex, and the differentiation abilities of the various cell types are quite different (Hong et al., 2014; Lu et al., 2014; Kawabata et al., 2016; Nagoshi and Okano, 2017). Only a small percentage of cells have the potential for broad differentiation, such as multilineage-differentiating stress-enduring (muse) cells (Kuroda et al., 2010; Tetzlaff et al., 2011; Wright et al., 2011; Hoffman et al., 2016; Badner et al., 2017). The newly discovered pluripotent stem cell may be an ideal candidate seed cell.

The amount of implanted seed cells is limited, and these cells can migrate *in vivo*. Therefore, only a few cells are actually available at the transplant site (Assinck et al., 2017). This will inevitably reduce the usefulness of seed cells (Assinck et al., 2017).

A major objective of tissue engineering is to enhance the effectiveness of seed cells at the transplant site. A previous study found that platelet-derived growth factor-BB (PDGF-BB) has a chemotactic effect towards BMSCs (Ponte et al., 2007). This requires that PDGF-BB is continually maintained at an active concentration and attracts seed cells to the transplant site for a relatively long period.

In the present study, microspheres (MSs) were used to maintain sustained release of protein/peptide drugs (Mohtaram et al., 2013; Ma, 2014; Pascual-Gil et al., 2015). Chitosan-encapsulated PDGF-BB microspheres (PDGF-MSs) were fabricated and incorporated into the partition-type tubular scaffold to support the growth and functioning of muse cells. Electron microscopy, cell culture, immunohistochemistry and cell viability assay were conducted to characterize the biocompatibility and biological action of the partition-type tubular scaffold loaded with PDGF-MSs *in vitro*.

Materials and Methods {#sec1-2}
=====================

Preparation of the partition-type tubular scaffold {#sec2-1}
--------------------------------------------------

Molds for the partition-type tubular scaffold were designed and made based on immunohistochemistry of T~8--10~ segments, the gray matter, white matter, corticospinal tract and rubrospinal tract of Sprague-Dawley rats weighing 180--220 g (Wang et al., 2013).

The chitosan partition-type tubular scaffold was prepared using the freeze-drying method (China Patent: ZL200810100637.2). For this process, 0.45 g chitosan (Nantong Xincheng Biochemical Company, Jiangsu, China) was dissolved in 8 mL 2% acetic acid solution and mixed with 2 mL 10% aqueous gelatin solution (Sigma-Aldrich, St. Louis, MO, USA). Then, 0.45 g chitin (Nantong Xincheng Biochemical Company) was added, heated and mixed to prepare the chitosan-chitin solution. The chitosan-chitin solution (400 μL) was absorbed and injected into the mold at −20°C for 2.5 hours. After removal of the outer part of the mold, the chitosan partition-type tubular scaffold with the mold core was neutralized in 10% NaOH (Shanghai Ling Feng Chemical Reagents Company, Shanghai, China) for 2 hours. The scaffold was washed with ultrapure water until the pH was neutral. The partition-type tubular scaffold was then placed in freeze-drying bottles. Four groups of scaffolds were then subjected to pre-freezing at −20°C for 1, 2, 3 or 4 hours, and then frozen and dried at −40°C and 0.02 Pa for 1 hour using a freeze dryer (Labconco, Kansas City, MO, USA). After removal of the mold core, the partition-type tubular scaffold was exposed to Co60 irradiation for disinfection, and then sealed and preserved for further use.

Preparation of MSs {#sec2-2}
------------------

MSs were prepared by an emulsification method using glutaraldehyde (Sigma-Aldrich) as crosslinker (Jiang et al., 2014). Chitosan, 0.025 g, was dissolved in 1 mL 2% acetic acid solution overnight. Span 80 (Sigma-Aldrich), 0.2 mL, was added to a flask containing 9.8 mL liquid paraffin and stirred at 500 r/min for 30 minutes, forming an oil phase. Then, 1 mL of the aqueous phase was added to the oil phase, followed by stirring at 500 r/min for 30 minutes, forming an emulsion. Glutaraldehyde, 25%, was slowly added and stirred at 1500 r/min for 1 hour. To determine the optimal conditions for the preparation of MSs, four groups were established, with glutaraldehyde volumes of 10, 20, 30 and 40 μL. The mixture was centrifuged at 200 × *g* for 5 minutes. After removal of the supernatant, the samples were washed twice with 30 mL petroleum ether (Shanghai Ling Feng Chemical Reagents Company), 25 mL isopropanol (Sigma-Aldrich) and 20 mL acetone (Shanghai Ling Feng Chemical Reagents Company) separately by shaking. The samples were then centrifuged at 200 × *g* for 10 minutes, kept without agitation for 5 minutes, and the supernatant was discarded. The precipitate was dried at room temperature. MSs were collected and stored at room temperature.

Determination of MS diameter {#sec2-3}
----------------------------

The prepared MSs were randomly adhered to double-sided tape on the specimen holder of a scanning electron microscope (SEM) (S-3400; Hitachi, Tokyo, Japan) and coated with gold using an auto fine coater (JFC-1600; JEOL, Tokyo, Japan). The diameters of the MSs in the different groups were evaluated under the SEM.

Determination of MS swelling index {#sec2-4}
----------------------------------

Dry MSs (*W*~d~), 10 mg, were added to 1 mL of ultrapure water and shaken on a shaker (Kylin-Bell Lab Instruments Co., Ltd, Jiangsu, China) at 100 r/min for 1, 2, 4, 6, 8, 10, 12 or 14 hours, followed by centrifugation (Thermo Fisher, Waltham, MA, USA) at 400 × *g* for 5 minutes. The supernatant was discarded. After excess water on the surface of the MSs was absorbed with filter paper, the sample was immediately weighed (*W*~s~). The swelling index (%) was calculated with the following formula: \[(*W*~s~−*W*~d~)/*W*~d~\] × 100%.

Preparation and observation of partition-type tubular scaffolds containing MSs {#sec2-5}
------------------------------------------------------------------------------

MSs, 60 mg, were resuspended in 200 μL ultrapure water. This suspension was then injected gradually, from the inside to the outside, at both ends of the gray matter tube of the partition-type tubular scaffold. Thus, the suspension was evenly distributed in the tube. The MS-containing partition-type tubular scaffold was frozen and dried with the freeze dryer, and then, the surface was coated with gold and observed with a scanning electron microscope (Hitachi).

Bovine serum albumin (BSA)-MS preparation {#sec2-6}
-----------------------------------------

To evaluate the encapsulation efficiency of the MSs for protein, BSA was selected as the model protein. Three BSA (Biosharp, Anhui, China) groups were established---1, 2 and 4 mg. BSA was added to 1 mL of the aqueous phase of a 2.5% chitosan solution. Subsequently, the aqueous phase was slowly added to 10 mL of the oil phase, forming an emulsion by stirring at 500 r/min for 30 minutes. The subsequent steps are identical to those for the preparation of the MSs.

Determination of BSA encapsulation efficiency {#sec2-7}
---------------------------------------------

Petroleum ether, isopropanol and acetone eluent in the preparation of BSA-MSs were centrifuged at 200 × *g* for 10 minutes. After removal of the supernatant, the residue was air-dried and dissolved in 200 μL ultrapure water. Then, using a 20-μL aliquot of this solution, the optical density was measured at 595 nm using the BCA enhancement kit to estimate protein concentration (Beyotime, Jiangsu, China). BSA weight (*W*~BSA~) in the eluent was calculated. Using the weight of the BSA added initially, encapsulation efficiency (%) was calculated as: \[(*W*~initial~−*W*~BSA~)/*W*~initial~\] × 100%.

BSA release study {#sec2-8}
-----------------

BSA-MSs, 30 mg, were resuspended in 6 mL of pH 7.4 phosphate-buffered saline (PBS), and shaken on a horizontal shaker (Kylin-Bell) at 60 r/min and room temperature. The supernatant, 200 μL, was collected at 1, 3, 5, 7, 9, 11, 14, 21 and 28 days, and stored at −20°C. The BSA concentration in the supernatant was measured at various time points with a BSA ELISA kit (RapidBio, Shanghai, China). Standards and blank controls (same volume of PBS) were made for each time point. Each group contained three replicate wells. Optical density values were measured at 450 nm with a microplate reader (Bio-Tek, Winooski, VT, USA). Cumulative release was calculated based on the standard curve.

PDGF-MS preparation {#sec2-9}
-------------------

PDGF-BB (PeproTech, Jiangsu, China), 1 μg, was added to 1 mL of the aqueous phase of a 2.5% chitosan solution, which was then gradually added to the oil phase to form an emulsion. The other steps were identical to those for the preparation of BSA-MSs. The sustained release curve for the PDGF-MSs was then determined.

MUSE-NPC preparation and assessment {#sec2-10}
-----------------------------------

Bone marrow samples were provided by the Department of Hematology, Affiliated Hospital of Nantong University, China, after obtaining informed consent and approval by the School Ethics Committee of Affiliated Hospital of Nantong University (No. 2015-052).

Human BMSCs were isolated as described by our group previously (5 cases, males, average age of 40 years) (Wang et al., 2016). Briefly, 2--3 mL of healthy adult bone marrow was separated by Histopaque-1077 (Sigma-Aldrich) density gradient centrifugation and the differential adhesion method to harvest BMSCs. To isolate muse cells based on their resistance to stress, the cells were treated with 0.25% trypsin-EDTA (Thermo Fisher) and routinely cultured for 8 hours. Trypsinization was terminated by adding fetal bovine serum (Thermo Fisher). The cells were resuspended and shaken with a vortex device (Kylin-Bell) at 2000 r/min for 3 minutes, and thereafter seeded onto poly-HEMA-coated 12-well plates with 0.9% MC medium (Stemcell, Shanghai, China). Then, 3--5 days later, muse cell spheres formed. After proliferation and passage, cells at 1 × 10^5^/mL were seeded in MEM medium (Thermo Fisher) containing 20% fetal bovine serum. MUSE cells proliferated and were subcultured using the alternating suspension--adhesion culture method. The MUSE cell spheres were then harvested and triturated into single cells. These single cells were cultured in neural induction medium (DMEM/F12 (Thermo Fisher) supplemented with 20 ng/mL epidermal growth factor (Sigma-Aldrich), 20 ng/mL basic fibroblast growth factor (Sigma-Aldrich) and 1% B27 (Thermo Fisher)). The differentiated cell spheres were subjected to immunocytochemical staining using the DCX-FITC antibody (1:50; BD, San Diego, CA, USA).

Evaluation of the effects of the MS/partition-type tubular scaffold on MUSE-NPC growth {#sec2-11}
--------------------------------------------------------------------------------------

MSs, 50 mg, and the partition-type tubular scaffold, 500 mg, were immersed in 10 mL neural induction medium for 48 hours to prepare MS and partition-type tubular scaffold leachates. MUSE-NPCs, 200 μL, at 2.5 × 10^4^/mL, were cultured in precoated 96-well plates containing the leachates for 1, 3, 5 or 7 days. Nerve induction medium alone was used as a control group. Each group contained six parallel replicate wells. Cell viability was measured with a CCK-8 kit (Beyotime).

MS/partition-type tubular scaffold, 10 mg, was cultured with MUSE-NPCs. MUSE-NPCs, 200 μL, at 5 × 10^4^/mL, were seeded on the scaffold in 12-well plates. Each well contained 1 mL neural induction medium. The time points and control group were the same as those for the leachate test. Cell growth was observed using a microscope (IX70; Olympus, Tokyo, Japan).

Assessment of the effects of PDGF-BB on MUSE-NPC growth {#sec2-12}
-------------------------------------------------------

MUSE-NPCs, 200 μL, at 1 × 10^5^/mL, were incubated in polylysine-coated 48-well plates. Each well contained 100 μL neural induction medium and 0, 30, 60, 90 or 120 ng/mL PDGF-BB. After 1, 3, 5 and 7 days of culture, cell growth was observed using the microscope. Cell proliferation rate was determined with the CCK-8 kit (Beyotime). Cells were cultured with 120 ng/mL PDGF-BB for 7 days, subjected to immunocytochemical staining using rabbit anti-MAP-2 antibody (1:1000; Millipore, CA, USA) and FITC-labeled goat anti-rabbit IgG antibody (1:500; Sigma-Aldrich), and observed by fluorescence microscopy (TCS SP8; Leica, Wetzlar, Germany).

MUSE-NPCs, 200 μL, at 1 × 10^4^/mL, were seeded in the upper chamber of a 6.5 mm Transwell (pore size: 8.0 µm; Corning, NY, USA). Neural induction medium, 500 μL, containing 0 or 120 ng/mL PDGF-BB, was added to the lower chamber. After 12 hours of culture, the membrane was stained with crystal violet. Four fields were randomly selected, and cells traversing to the lower chamber were quantified and analyzed with the light microscope (IX70; Olympus). For another experiment, 200 μL of a MUSE-NPC cell suspension, 1 × 10^4^/mL, was seeded into culture wells containing 10 mg of partition-type tubular scaffold and PDGF-MSs along with 120 ng/mL PDGF-BB and cultured for 1 month.

Statistical analysis {#sec2-13}
--------------------

Data were expressed as the mean ± SD and analyzed using GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA). All experiments were conducted six times. Experimental data were analyzed with one-way or two-way analysis of variance, followed by Dunnett's post hoc test. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Observation of the partition-type tubular scaffold {#sec2-14}
--------------------------------------------------

The duration of pre-freezing at −20°C affected the scaffold molding rate and porosity. Of the four time points tested, the molding rate was substantially higher in the 2-hour group (approximately 69%) than in the other groups. Under the SEM, the porosity of the partition-type tubular scaffold was higher in the 2-hour group than in the other groups (**[Figure 1](#F1){ref-type="fig"}**). Therefore, 2 hours was selected as the optimal pre-freezing time for the preparation of the partition-type tubular scaffold.

![Scanning electron microscopy of a cross section of the partition-type tubular scaffold at various freezing time points.\
(A) 1-hour group; (B) 2-hour group; (C) 3-hour group; (D) 4-hour group. The porosity of the partition-type tubular scaffold was higher in the 2-hour group than in the other groups. Scale bars: 1.0 mm.](NRR-13-1231-g002){#F1}

MS observation and evaluation {#sec2-15}
-----------------------------

### MS diameter {#sec3-1}

The use of the crosslinker glutaraldehyde leads to changes in the morphology and diameter of MSs (Ma et al., 2014). With all four concentrations of glutaraldehyde, the MSs displayed a spherical structure. However, the sphere-forming rate was highest only at optimal, but not lower or higher, concentrations of glutaraldehyde. At 10 and 20 μL, the diameter was 0.18--1.50 μm and 0.20--1.30 μm, respectively; with most diameters less than 1.00 μm (**Figure [2A](#F2){ref-type="fig"}**, **[B](#F2){ref-type="fig"}**). When glutaraldehyde was increased to 30 μL, the MSs exhibited a spheroid shape. The MS diameter was 0.30--2.20 μm, and 72.39% of the diameters were 0.40--1.10 μm, approximating a normal distribution (**Figure [2C](#F2){ref-type="fig"}**, **[E](#F2){ref-type="fig"}**). However, when the crosslinker was increased to 40 μL, the diameter was 0.10--4.20 μm, and most diameters were greater than 1.50 μm (**[Figure 2D](#F2){ref-type="fig"}**). Therefore, 30 μL of 25% glutaraldehyde was used for fabricating BSA- and PDGF-MSs. Three different amounts of BSA were used for encapsulation. When 1 mg BSA was used, MS molding was good. The diameter was 0.20--2.00 μm, approximating a normal distribution (**Figure [3A](#F3){ref-type="fig"}**, **[A1](#F3){ref-type="fig"}**, **[D](#F3){ref-type="fig"}**). As BSA increased, the diameter of the MSs increased as well (**Figure [3B](#F3){ref-type="fig"}**, **[B1](#F3){ref-type="fig"}**). At 2 and 4 mg, the diameter was 1.10--1.80 μm and 0.20--2.80 μm, respectively. However, at 4 mg, the freeness of the MSs was reduced (**Figure [3C](#F3){ref-type="fig"}**, **[C1](#F3){ref-type="fig"}**).

![Scanning electron microscopy of MSs prepared using different amounts of glutaraldehyde.\
A 30 μL volume of 25% glutaraldehyde was optimal for preparing MSs. (A) 10 μL group; (B) 20 μL group; (C) 30 μL group; (D) 40 μL group. Scale bars: 10 μm. (E) MS diameter in the 30 μL group. All experiments were conducted six times. MSs: Microspheres; BSA: bovine serum albumin.](NRR-13-1231-g003){#F2}

![Scanning electron microscopy of MSs encapsulated with different amounts of BSA.\
With 1 mg BSA, MS molding was good. (A) 1 mg group; (B) 2 mg group; (C) 4 mg group. (A1--C1) Magnified views of the boxed areas in A--C, respectively. Scale bars: 10 μm (A--C) and 5.0 μm (A1--C1). (D) BSA-MS diameter in the 1 mg group. All experiments were conducted six times. MSs: Microspheres; BSA: bovine serum albumin.](NRR-13-1231-g004){#F3}

### MS swelling index {#sec3-2}

The swelling index of the MSs encapsulated with the three different amounts of BSA increased markedly within the first 4 hours, and no significant difference was observed among the groups. At 4--10 hours, the increase in the swelling index was dramatically higher in the MSs group than in the BSA encapsulation group. At 10 hours, the swelling index tended to be stable, and water absorption reached saturation. Compared with the MSs group, the swelling index was lower in the three BSA encapsulation groups. As the amount of BSA increased, the swelling index decreased (**[Figure 4](#F4){ref-type="fig"}**).

![Swelling index of MSs.\
Compared with the MSs group, the swelling index was lower in the three BSA encapsulation groups. Swelling index of MSs gradually decreased as the amount of BSA increased. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. 1, 2 and 4 mg BSA-MSs groups (mean ± SD; two-way analysis of variance followed by Dunnett's *post hoc* test). All experiments were conducted six times. MSs: Microspheres; BSA: bovine serum albumin.](NRR-13-1231-g005){#F4}

### Encapsulation efficiency of MSs {#sec3-3}

In the 1 mg BSA-MSs group, the encapsulation efficiency of MSs for BSA was 79.52 ± 5.20%, and the encapsulation efficiency of MSs for PDGF-BB was 70.25 ± 2.22%.

### Cumulative release curves for MSs {#sec3-4}

Cumulative release curves for BSA-MSs and PDGF-MSs over a period of 4 weeks is shown in **[Figure 5](#F5){ref-type="fig"}**. In this period, except for the first day, BSA concentration in the leachate (supernatant) did not increase rapidly, but MSs continued to release BSA. Cumulative release gradually increased. Cumulative release of BSA by BSA-MSs was approximately 41.6 ± 5.0% at 1 week, 58.5 ± 5.6% at 2 weeks, 63.8 ± 5.0% at 3 weeks, and 69.0 ± 5.2% at 4 weeks. Cumulative release of PDGF by the PDGF-MSs was relatively lower than that of BSA by the BSA-MSs. From 1 to 4 weeks, the cumulative release values of PDGF-BB were 30.5 ± 3.9%, 39.1 ± 5.3%, 45.3 ± 5.2% and 52.0 ± 1.8%, respectively. Two-way analysis of variance showed that the release rate of the BSA-MSs was greater than that of the PDGF-MSs (*P* \< 0.05). However, there was no significant difference between the two groups in the tendency of the release rate to change with time (*P* \> 0.05; **[Figure 5](#F5){ref-type="fig"}**).

![Sustained release curve of MSs.\
Except for the first day, the concentration of BSA did not increase rapidly. Cumulative release of PDGF by PDGF-MSs was relatively lower than that of BSA by BSA-MSs. Two-way analysis of variance showed that the release rate of the BSA-MSs was greater than that of the PDGF-MSs (*P* \< 0.05). However, there was no significant difference between the two groups in the tendency of the release rate to change with time (*P* \> 0.05). All experiments were conducted six times. MSs: Microspheres; BSA: bovine serum albumin; PDGF: platelet-derived growth factor.](NRR-13-1231-g006){#F5}

### Observation of the MS/partition-type tubular scaffold {#sec2-16}

After the MS suspension was injected into the gray matter tube of the partition-type tubular scaffold, MSs were evenly distributed on the wall of the gray matter tube under the SEM (longitudinal section; **[Figure 6A](#F6){ref-type="fig"}**). When BSA-MSs were similarly loaded, many BSA-MSs were distributed on the tube wall (**[Figure 6B](#F6){ref-type="fig"}**), and some were found in small holes of the tube wall surface of the scaffold (**[Figure 6C](#F6){ref-type="fig"}**).

![Scanning electron microscopy of MS/partition-type tubular scaffold or BSA-MS/partition-type tubular scaffold.\
MSs or BSA-MSs were evenly distributed on the wall of the gray matter tube of the longitudinal section of the partition-type tubular scaffold. (A) Longitudinal section of MS/partition-type tubular scaffold; (B) longitudinal section of BSA-MS/partition-type tubular scaffold; (C) transverse section of BSA-MS/partition-type tubular scaffold. (A1, B1, C1, C2, C3) Magnified views of boxed areas in A, B, C, C1 and C2, respectively. Scale bars: 1.0 mm (A), 50 μm (A1), 50 μm (B), 20 μm (B1), 1.0 μm (C), 50 μm (C1), 10 μm (C2), 6.0 μm (C3). MSs: Microspheres; BSA: bovine serum albumin.](NRR-13-1231-g007){#F6}

### MUSE-NPC harvesting {#sec2-17}

Human BMSCs were collected from adult bone marrow 4--7 days after treatment by density gradient centrifugation and the differential adhesion method (**[Figure 7A](#F7){ref-type="fig"}**). Human BMSCs were treated with 0.25% trypsin-EDTA to obtain muse cells that could tolerate trypsinization. Large and translucent cellular spheres formed in suspension culture (**[Figure 7B](#F7){ref-type="fig"}**). A single muse cell was spindle-shaped when adhered to the wall (**[Figure 7C](#F7){ref-type="fig"}**). MUSE cells rapidly proliferated in alternating suspension--adhesion culture. At 2--3 days after culture with neural induction medium, the suspended single cells quickly aggregated to form translucent and well-defined cellular spheres (**[Figure 7D](#F7){ref-type="fig"}**). Immunocytochemical staining revealed that the multicellular spheres expressed the NPC marker DCX (**Figure [7E1](#F7){ref-type="fig"}**-**[3](#F7){ref-type="fig"}**).

![Neural progenitor cells induced from MUSE cells.\
MUSE cells obtained from BMSCs formed large and translucent cell spheres in suspension culture or a single spindle-shaped cell in adhered culture. The cell spheres expressed the NPC marker DCX after 2--3 days of suspension culture with neural induction medium. (A) Growing BMSCs; (B) MUSE cells in suspension culture; (C) adherent MUSE cells; (D) MUSE-NPCs in suspension culture; (E1--E3) fluorescence staining of MUSE-NPCs for DCX. Scale bars: 10 μm (A--D) and 50 μm (E1--E3). BMSCs: Bone marrow stromal cells; MUSE-NPCs: neural progenitor cells differentiated *in vitro* from multilineage-differentiating stress-enduring cells.](NRR-13-1231-g008){#F7}

Effects of PDGF-BB on MUSE-NPCs {#sec2-18}
-------------------------------

### Effect of PDGF-BB on MUSE-NPC growth {#sec3-5}

After a 1-week treatment with PDGF-BB, MUSE-NPCs proliferated. These cells grew well and were dense in the 120 ng/mL group. CCK-8 assay demonstrated that compared with the control group, MUSE-NPCs proliferation significantly increased in the PDGF-BB group. The cell proliferation was higher in the 120 ng/mL PDGF-BB group than in other dosage groups (*P* \< 0.05). Moreover, no significant difference was determined among the other dosage groups (**[Figure 8A](#F8){ref-type="fig"}**).

![Effects of different concentrations of PDGF-BB on MUSE-NPCs.\
(A) Effect of PDGF-BB on MUSE-NPC proliferation measured by CCK-8 assay. Cell proliferation was higher in the 120 ng/mL PDGF-BB group than in the other dosage groups. (B) Immunocytochemical staining showing the effect of PDGF-BB on MUSE-NPC differentiation (green fluorescence: MAP-2; blue fluorescence: DAPI); (B1) Magnified view of boxed area in B. (C) Effect of PDGF-BB on MUSE-NPC migration, indicating that PDGF-BB attracts MUSE-NPCs. Scale bars: 100 μm (B) or 50 μm (B1). The data were expressed as the mean ± SD (one-way analysis of variance followed by Dunnett's *post hoc* test). All experiments were conducted six times. PDGF: Platelet-derived growth factor; MUSE-NPCs: neural progenitor cells differentiated *in vitro* from multilineage-differentiating stress-enduring cells. \#*P* \< 0.05, *vs*. 1 day; †*P* \< 0.05, *vs*. control.](NRR-13-1231-g009){#F8}

After 1-week culture with 120 ng/mL PDGF-BB neural induction medium, immunocytochemical staining showed that most cells expressed the neuronal marker MAP-2, and the cells began to extend slender processes and branches that resembled neurites (**[Figure 8B](#F8){ref-type="fig"}**).

### Effect of PDGF-BB on MUSE-NPC migration {#sec3-6}

Crystal violet staining showed that in the PDGF-BB group, MUSE-NPCs had migrated to the lower chamber of the Transwell. The number of cells in the lower chamber was 46.7 ± 13.0 cells/field. In the control group, the number of cells in the lower chamber was 14.7 ± 1.5 cells/field. Significant differences in the number of cells in the lower chamber were found between the two groups (*P* \< 0.05), indicating that PDGF-BB is chemoattractive for MUSE-NPCs (**[Figure 8C](#F8){ref-type="fig"}**).

Effects of the MS/partition-type tubular scaffold on MUSE-NPCs {#sec2-19}
--------------------------------------------------------------

### Effect of the MS/partition-type tubular scaffold on MUSE-NPC contact growth {#sec3-7}

After contact culture of MUSE-NPCs with the MSs and partition-type tubular scaffold for 1, 3, 5 and 7 days, MUSE-NPCs grew well and formed cellular spheres. The scattered cell bodies were translucent (**Figure [9A](#F9){ref-type="fig"}**--**[D](#F9){ref-type="fig"}**). The results suggest that direct contact of the MS/partition-type tubular scaffold with MUSE-NPCs does not impact cell growth, with good biocompatibility.

![Effects of the MS/partition-type tubular scaffold on MUSE-NPC viability.\
(A--D) Light microscopy of contact culture of MS/partition-type tubular scaffold with MUSE-NPCs for 1, 3, 5 and 7 days; (A1--D1) Magnified view of boxed areas in A--D. MUSE-NPCs grew well and formed cell spheres on the MS/partition-type tubular scaffold. (E) Effect of culture with MSs or partition-type tubular scaffold leachate on MUSE-NPC viability. Two-way analysis of variance and analysis of cell viability showed that there were no significant differences among the groups (*P* \> 0.05), suggesting that the partition-type tubular scaffold and MSs do not affect the growth of MUSE-NPCs. (F) Scanning electron microscopy for MUSE-NPC growth in the PDGF-MS/partition-type tubular scaffold. The arrows indicate MUSE-NPC spheres. Scale bar: 100 μm (A--D), 40 μm (A1--D1) and 50 μm (F). All experiments were conducted six times. PDGF: Platelet-derived growth factor; MUSE-NPCs: neural progenitor cells differentiated *in vitro* from multilineage-differentiating stress-enduring cells.](NRR-13-1231-g010){#F9}

### MUSE-NPC viability {#sec3-8}

After MUSE-NPCs were separately cultured with leachate containing MSs and the partition-type tubular scaffold for 1, 3, 5 and 7 days, MUSE-NPC viability was assessed with the CCK-8 assay. Compared with the control group (neural induction medium alone), no significant difference in cell viability was found at the various time points in any group (*P* \> 0.05), suggesting that the partition-type tubular scaffold and MSs do not affect the growth of MUSE-NPCs (**[Figure 9E](#F9){ref-type="fig"}**).

### Effect of the PDGF-MS/partition-type tubular scaffold on MUSE-NPC contact growth {#sec3-9}

By SEM, after 1 month of contact culture, MUSE-NPCs were still attached to the inner cavity of the partition-type tubular scaffold. The cell bodies were spindle shaped, had many processes, and grew well (**[Figure 9F](#F9){ref-type="fig"}**).

Discussion {#sec1-4}
==========

Chitin, the most easily obtained polysaccharide polymer in nature, has good biocompatibility. Chitin is deacetylated to form chitosan, which also has excellent biocompatibility and biodegradability. The intermediate degradation product, chitooligosaccharide, promotes neural regeneration (Yang et al., 2009; Jin et al., 2016). The final degradation products, carbon dioxide and water, are directly discharged from the body (Skop et al., 2013; Fang et al., 2014).

Chitin and chitosan have been widely used clinically in nervous system repair, especially in tissue engineering as a scaffold material (Rodríguez-Vázquez et al., 2015). We also used chitosan for the preparation of the partition-type tubular scaffold. Many studies have used chitosan to produce MSs (Wu et al., 2014; Sivashankari and Prabaharan, 2016). In our tissue engineering, the same material was used to avoid possible interactions and adverse reactions of different materials *in vivo*. The MUSE-NPCs, which were cultured with the partition-type tubular scaffold and MS leachate or the MS/partition-type tubular scaffold through direct contact, grew well, indicating good biocompatibility.

As in our previous study (Wang et al., 2013), gelatin was added to improve the plasticity and toughness of the partition-type tubular scaffold. The sample scaffold was pre-frozen at −20°C for various time periods, frozen, and dried at −40°C and 0.02 Pa. We found that when the pre-freezing time was 2 hours, the molding rate significantly increased, reaching approximately 69.0%, but the porosity was still low. However, the partition-type tubular scaffold contained regenerative channels for gray matter and the main descending bundle (corticospinal and rubrospinal tracts) that controls limb movement, with thin tube walls. A previous study showed that greater than 70% porosity supported the growth of axons into the pores within two weeks. However, if the pores were not optimal, the axons were hindered. The porosity was inversely proportional to the strength of the material after molding, and therefore we did not increase the porosity of the tube wall. If strength is not compromised, a good perforated pore structure can be considered. This allows axons to extend (Kubinová and Syková, 2012; Vigani, 2017) and promotes the formation of blood vessels and a vascular network (Dadsetan et al., 2008).

In tissue engineering, seed cells are mainly used to complement the tissue cells that have been lost at the site of injury, improve the microenvironment through a secretory effect, and promote tissue regeneration (Georgiou et al., 2015). However, these cells can promote regeneration only if they remain at the transplant site. Chemokines that guide cell migration may be an ideal option to help retain seed cells in a certain area. Many studies have reported that PDGF-BB has a chemotactic effect on BMSCs. PDGF-BB is the major chemoattractant that guides MSCs into injured areas (Deuel et al., 1991; Heldin et al., 1999; Tyurin-Kuzmin et al., 2016). In this study, the Transwell assay revealed that PDGF-BB also has a chemoattractive effect on MUSE-NPCs. However, only a sufficient concentration of PDGF-BB in the scaffold can persistently attract and retain MUSE-NPCs. Accordingly, we used polymer-based MSs, which have been widely used to control the release of protein/peptide drugs. MSs are mainly composed of natural polymers, such as chitosan, agarose and alginate, and synthetic polymers, such as polyglycolic acid and polycaprolactone (Ma, 2014; Rambhia et al., 2015). NGF-delivering chitosan MSs have been reported to promote repair following peripheral nerve injury (Zeng et al., 2011, 2014). PDGF-MSs appear to promote angiogenesis at the site of injury (Choi et al., 2013; Subbiah et al., 2015), the differentiation of seed cells, and the regeneration of skin and bone (Jiang et al., 2013; Mohan et al., 2017). The fabrication of chitosan-based MSs for sustained release of PDGF in the present study represents a novel approach for neural repair.

During the preparation of chitosan MSs, chemical or ionic crosslinking is commonly used (Sivashankari and Prabaharan, 2016). Jiang et al. (2014) used glutaraldehyde crosslinking for TGF-β3-MSs and obtained good results, and therefore we also used this molding method. Four concentrations of glutaraldehyde were used, and the diameter of the MSs ranged from 0.20 to 4.20 μm. In the 30 μL crosslinker group, the diameter of 72.39% of the MSs ranged from 0.40 to 1.10 μm, approximating a normal distribution. Therefore, 30 μL 25% glutaraldehyde was selected for preparing MSs. Under the SEM, in the 1 mg BSA-MSs group, MSs were regularly spherical, and the diameter ranged from 0.20 to 2.00 μm. The encapsulation efficiency was (72.33 ± 1.28)%. The swelling index of the MSs gradually decreased. This is probably because when the amount of BSA encapsulated on the surface of MSs increases, there is reduced room for water absorption. Ideal MSs for protein drug delivery should minimize the burst release effect and provide sustained and long-term release. Moreover, protein binding to and release from MSs must not impact biological activity. Therefore, spatiotemporal control of the release of protein drugs that directly or indirectly affect cellular signaling or tissue regeneration is needed (Rambhia and Ma, 2015). In the present study, there was no explosive release of BSA or PDGF by the MSs. Over a period of 4 weeks, BSA and PDGF were steadily released. Cumulative release by the BSA-MSs and PDGF-MSs was 69.0% and 52.0%, respectively. Compared with other studies, our cumulative release was relatively low. The reasons for this difference may include the following: (1) the polymer materials used to prepare the MSs differed; and (2) the PDGF-BB amounts used to prepare the PDGF-MSs were often larger in these other studies (*i.e.*, 25 and 300 μg/mL) (Wu et al., 2016; Mohan et al., 2017). Compared with chitosan MSs loaded with other types of cytokines at similar or higher amounts, the cumulative release was similar, or even sustained for a longer period (Zeng et al., 2011, 2014; Jiang et al., 2014).

BMSCs are isolated from adult bone marrow, and then used to screen for MUSE cells. The NPC marker DCX was induced by neural induction medium, indicating that MUSE-NPCs were obtained (Farzanehfar et al. 2017). Immunocytochemical staining showed that PDGF-BB not only promotes MUSE-NPC growth in the PDGF-MS/partition-type tubular scaffold but also induces the extension of neuritic processes and expression of the neuronal marker MAP-2. Further study is needed to full elucidate the effects of PDGF-BB on the growth and differentiation of MUSE-NPCs.

To summarize, we fabricated, for the first time, chitosan-based microspheres that allow sustained release of PDGF-BB by optimization of the cross-linking procedure. Furthermore, we fabricated partition-type tubular scaffolds with an optimal pre-freezing protocol, and we then loaded these with PDGF-releasing microspheres. The PDGF-MS-containing tubular scaffolds exhibited suitable biocompatibility towards MUSE-NPCs and could promote the directional migration and growth of these cells. Collectively, our findings suggest that a combination of a partition-type tubular scaffold, PDGF-MSs and MUSE-NPCs may have therapeutic potential for spinal cord injuries.
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